In functional magnetic resonance imaging studies changes in blood oxygenation level-dependent (BOLD) signal intensities during task activation are related to multiple physiological parameters such as cerebral blood flow, volume, and oxidative metabolism, as well as to the regional microvascular anatomy. Consequently, the magnitude of activation-induced BOLD signal changes may vary regionally and between subjects. The aim of this study was to use a uniform global stimulus such as hypercapnia to quantitatively investigate the regional BOLD response in the human brain. In 10 healthy volunteers, T2*-weighted gradient echo images were acquired for a total dynamic scanning time of 9 min during alternating periods of breath holding for 30 s after expiration and self-paced normal breathing for 60 s. Hypercapnia-induced BOLD signal changes in the sensorimotor cortex, frontal cortex, basal ganglia, visual cortex, and cerebellum were significantly different (P F 0.001) and varied from 1.8 to 5.1%. The highest BOLD signal changes were found in the cerebellum and visual cortex, whereas the lowest BOLD signal increase was observed in the frontal cortex. These results demonstrate a regional dependence of the BOLD signal changes during breath holdinduced hypercapnia, indirectly supporting the notion of regional different sensitivities of BOLD responses to task activation. 1999 Academic Press
INTRODUCTION
With the advent of functional magnetic resonance imaging (fMRI) the field of human brain mapping has experienced tremendous changes in the past few years. These techniques have extensively been used to detect and map human cognitive functions such as vision, motor skill, and learning, noninvasively (Kwong et al., 1992; Ogawa et al., 1992; Moseley and Glover, 1995; Kastrup et al., 1999a) . In general, the most commonly employed blood oxygenation level-dependent contrast (BOLD) fMRI technique uses deoxyhemoglobin as nature's own intravascular contrast agent (Belliveau et al., 1991; Kwong et al., 1992; Ogawa et al., 1992) and is based on a localized uncoupling of cerebral blood flow (CBF) and cerebral metabolic rate of oxygen (CMRO 2 ) during focal brain activation (Villringer and Dirnagl, 1995) . Increases in CBF during brain activation without concomitant increases in CMRO 2 will lead to decreased paramagnetic deoxyhemoglobin levels and increases in the T2*-weighted MRI signal intensities. To date, several biophysical models describing mechanisms of BOLD contrast have been published (Ogawa et al., 1993; Boxerman et al., 1995a,b; Bandettini and Wong, 1997) and experimental studies have demonstrated that changes in BOLD signal intensities during task activation are related to multiple physiological parameters such as CBF, cerebral blood volume (CBV), and CMRO 2 (Buxton et al., 1998; Mandeville et al., 1998) .
In addition to changes in CBF, CBV, and CMRO 2 BOLD signal intensity changes are also determined by resting CBV values, as well as by the regional microvascular anatomy (Boxerman et al., 1995a,b; Bandettini and Wong, 1997) . In fact, the well-known high sensitivity of the visual cortex to functional activation for example could, among other factors, be attributable to the microvascular anatomy of this region, which is known to contain a disproportionate number of blood vessels (Lierse, 1963; Davis et al., 1998) .
However, comparing the local sensitivity to BOLD contrast during task activation is hampered by the noncomparability of the various stimuli applied. This problem can partially be overcome by mapping the regional hemodynamic response to a global ''brain activation task,'' such as inhalation of carbon dioxide. Assuming similarities between the mechanisms responsible for the coupling of CBF to neuronal activation and the increase of CBF during hypercapnia, detection of a regional variability of the BOLD response to a global challenge could give indirect information on the regional sensitivity of the BOLD contrast to neuronal activation. Besides inhalation of carbon dioxide a hypercapnic stress can be achieved using a simple breath holding test (BHT). This test, which uses the increase of arterial PCO 2 induced by a breath holding maneuver as a vasodilative stimulus, was introduced in 1990 and has also successfully been used in functional imaging studies (Stillman et al., 1995; Kastrup et al., 1998 Kastrup et al., , 1999b Li et al., 1999) .
The aim of this study was to assess regional BOLD signal changes during a hypercapnic challenge in human brain. Our results demonstrate a regional dependence of the BOLD signal changes during breath holding, indirectly supporting the notion of regional different sensitivities of BOLD responses to task activation.
MATERIALS AND METHODS
The study comprised 10 healthy volunteers (8 males, 2 females; 28-32 years). The subjects were pretrained to assure familiarity with the task prior to scanning and all volunteers were examined after they gave informed consent. The human protocol was approved by the Institutional Review Board of the Stanford University School of Medicine.
All images were obtained using a GE Signa Horizon 1.5-T scanner (General Electric Medical Systems, Milwaukee, WI) equipped with an ''Echo-Speed'' gradient system.
A small, receive-only elliptical birdcage headcoil was used for all scans. To reduce motion artifacts, subjects were secured with pillows and foam padding in the head coil.
From sagittal localizer images a midsagittal image was used to prescribe eight axial slices (5-mm slice thickness, 1.5-mm gap) through anatomic structures of interest (i.e., sensorimotor cortex, anterior cortex, basal ganglia, visual cortex, and cerebellum). Spoiled gradient echo T1-weighted images (TR/TE/flip 70/5.5/60°; FOV 240 ϫ 240 mm 2 ) were acquired at the same locations to serve as anatomic images. T2*-weighted gradient echo images were acquired for a total dynamic scanning time of 9 min using a gradient echo version of a single-shot spiral sequence with TE/TR/flip 40/3000 ms/90 o (Glover and Lai, 1998) . For this study we used a matrix size of 128 ϫ 128 over a field view of 240 ϫ 240 mm 2 , which corresponds to a one-shot spiral readout window of 65.2 ms using a 100-kHz receiver bandwidth.
The protocol comprised 3 min of baseline image sampling with normal breathing and subsequent alternating periods of breath holding (30 s) after expiration and self-paced normal breathing (60 s). The time to start and to stop breathing was indicated by projecting the instruction into the magnet bore in front of the subject. To exclude visual activation from the projection setup the brightness was the same during periods of both breath holding and self-paced breathing and all subjects were instructed to keep their eyes open and maintain constant attention during the experimental procedure.
Image reconstruction was performed offline on a SPARC workstation (Sun Microsystems, Mountain View, CA). The images were visually inspected for motion with the use of a movie tool. Studies showing significant motion artifacts were excluded from further analysis.
Activation was determined by a pixelwise correlation of signal intensity time courses with a boxcar reference function (Bandettini et al., 1993) representing the stimulus protocol shifted by two images (6 s) to account for hemodynamic latencies. The distribution of correlation coefficients from quantitative maps within the range between Ϫ1 and 0.2 reflect the noise distribution without activation and was approximated by a Gaussian function. Using the symmetrized noise distribution (Gaussian function) an upper threshold (P ϭ 0.0001) was calculated to identify foci of activation. Deviations of the actual data from the Gaussian function refer to activated pixels and were used to define the spatial extent of activated areas. Finally, quantitative maps of correlation coefficients were color coded (Kleinschmidt et al., 1995) .
ROIs comprising the frontal, sensorimotor, and visual cortex, as well as the basal ganglia and cerebellum, were manually defined on high resolution T1-weighted anatomical images in each hemisphere (Fig.  1) . Time-locked averaging was then employed to calculate the breath-holding-induced BOLD signal changes from the mean time courses for each ROI and subject (Glover, 1999) . Subsequently, the results were averaged over all subjects.
The data were expressed as mean Ϯ SD. We assumed statistical significance at P Ͻ 0.05.
RESULTS
Repeated challenges of breath holding induced an overall rise in BOLD signal intensities. Figure 2 shows representative color-coded activation maps in response to breath holding in the selected axial slices of one volunteer. In general, BOLD signal intensity changes were greatest in gray matter and nonsignificant in white matter. A typical time course from activated areas of the sensorimotor cortex of the same subject as in Fig. 2 is plotted in Fig. 3 . Notably, breath holding yielded an immediate increase in T2*-weighted signal intensity. Table 1 summarizes the mean BOLD signal intensity changes during breath holding in the various ROIs for each volunteer, separately. Since we did not find any significant differences between both hemispheres (P ϭ 0.9), the combined values of both hemispheres were used for analysis. Hypercapnia-induced BOLD signal changes in the various anatomically defined ROIs were significantly different (single factor ANOVA, F ϭ 10.04; P Ͻ 0.001). The highest BOLD signal changes were found in the cerebellum and visual cortex, whereas the lowest BOLD signal increase was observed in the frontal cortex (Fig. 4) . Post hoc analysis with Bonferroni correction revealed that the BOLD signal changes in the cerebellum and visual cortex were significantly higher (P Ͻ 0.01) than in the frontal cortex and basal ganglia. Additionally, the BOLD signal changes in the cerebellum were significantly higher than in the sensorimotor cortex (P Ͻ 0.05).
DISCUSSION
In the present study we used the BHT to assess regional BOLD signal changes during a hypercapnic challenge in manually defined regions of interest. All volunteers were able to hold their breath as prescribed by the protocol and none found it uncomfortable. The only adverse effect was an urge to breathe toward the end of the apnea phase.
Despite the good practicability of the BHT for routine MRI application, potential shortcomings of this method should be noted. For quantitative purposes the BHT may be limited as the PaCO 2 may rise at different rates during breath holding in different subjects and estimations of the PaCO 2 are not possible since a steady state does not exist. A voluntary act of breath holding can induce local cerebral blood flow and oxygenation changes due to neuronal activation which can influence the results of fMRI studies. Despite our efforts to secure all volunteers with pillows and foam padding in the head coil, two subjects had to be studied twice, due to the exquisite sensitivity of the employed fMRI techniques to motion artifacts. In this context it is noteworthy that all experiments were carried out on well-trained volunteers of our institution and thus the use of the BHT may be limited in unaccustomed subjects or older volunteers. From a technical point of view the use of single-shot spiral data acquisition has been shown to be more robust to motion artifacts than Cartesian imaging sequences and to have a low susceptibility to brain pulsations (Glover and Lee, 1995) .
The observed BOLD signal intensity changes of 3-5% in cortical areas are comparable to our previous results (Kastrup et al., 1998; Li et al., 1999) and those of others (Stillman et al., 1995) . While differences in cerebrovascular reactivity to CO 2 between gray and white matter have been well perceived (Posse et al., 1997; Kastrup et al., 1998; Li et al., 1999) , a detailed analysis of the regional variability of the cerebrovascular reactivity to hypercapnia in humans has not been performed to date. Although we did not measure CBF directly, our results suggest that the response of the cerebral vessels to hypercapnia differs between brain regions.
In good agreement with our results, significantly higher CBF increases in the cerebellum compared to the cortex during hypercapnia have also been reported in rats (Pelligrino et al., 1993) . In contrast, a uniform global CBF response to hypercapnia in baboons was found by Pinard and colleagues in a previous PET study (Pinard et al., 1993) . However, in this study the animals were anesthetized, so those results cannot be compared with the present human study without major restrictions. Additionally, BOLD signal changes depend on multiple physiological parameters such as CBF, CBV, and CMRO 2 , further limiting a direct comparison with PET CBF data.
In general, it is difficult to extract a single parameter from the observed BOLD signal changes. In fact, biophysical models describing mechanisms of BOLD signal changes have indicated that the magnitude of activation-induced BOLD signal changes is strongly determined by the resting state blood volume (Boxer- et al., 1995a,b; Bandettini and Wong, 1997) . Interestingly, regions such as the cerebellum and the visual cortex have been shown to have larger resting CBV values than the frontal or sensorimotor cortex (Yamaguchi et al., 1986; Perlmutter et al., 1987; Leenders et al., 1990) . Moreover, in comparative morphometric studies of the capillary system of the brain the highest capillary densities were found in the cerebellar cortex followed by the visual cortex and sensorimotor cortex (Lierse, 1963) , thus exhibiting the same descending order established for the regional CO 2 response in the present study. However, it is not known if capillary density closely parallels the density of the arterioles below 50 µm comprising the major resistance vessels that are thought to effect PaCO 2 -dependent flow changes. Recently, Posse and colleagues studied the regional variability of BOLD signal changes during hyperventilation and reported smaller BOLD signal decreases in the basal ganglia and cerebellum than in the frontal, parietooccipital, and occipital cortical areas (Posse et al., 1997) . Similarly, a more pronounced CBF decrease in frontal cortical regions than in other cortical areas during hyperventilation has been reported in a PET study (Tsuda and Hartmann, 1989) . While these findings contrast sharply with our results, the regional cerebrovascular reactivity to hypo-and hypercapnia might differ, so that further studies are required to resolve these discrepancies.
CONCLUSION
Using a global hypercapnic challenge to estimate the regional sensitivity to BOLD contrast, we could demonstrate significantly different BOLD signal changes in the sensorimotor cortex, frontal cortex, basal ganglia, visual cortex, and cerebellum. In good agreement with biophysical models describing determinants of BOLD signal contrast, those regions with high BOLD signal changes in this study, such as the cerebellum or visual cortex, have also been shown to have large resting CBV values and high values of capillary densities. However, variations of BOLD signal changes may be caused by differences in CBF, CBV, CMRO 2 , regional microvascular anatomy, or a combination of these. Despite the inability to extract a single physiological parameter from the observed BOLD signal changes, mapping the regional variability of the BOLD response to a global challenge can give indirect information on the regional sensitivity of the BOLD contrast to neuronal activation.
